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SEMES POWERED, PARALLEL OUTPUT RADIO FREQUENCY GENERATOR 
L Technical Field 

5 This invention generally relates to radio frequency generators which accept a power such as a dc 
potential and convert that power into a radio frequency, higher power output. More particularly 
it relates to such generators which produce power which are considered especially high when 
compared to those typically created from a particular type of component or particular design. The 
invention also may involve enhanced systems and processes (including plasma processing 
10 systems, and the like) which may include a variety of ancillary features such as these higher 
power generators, system specific elements, or unique processes. 

Definitions: 

15 Approximately equal: In this context, voltages, currents, impedances, or other quantities are 
approximately equal if the differences between them are not significant in the context of the 
particular application or the particular design or componentry involved and, as such, do not cause 
an effect which is so different in that context as to make the desired end result ineffective or 
unsuited to the intended purpose. 

20 

Biasing: Supplying a signal, to a circuit to establish an operating point for the low frequency 
impedance. This signal might comprise a variety of properties, including at least a dc voltage, 
or a dc current, or ah altertiating voltage or current at any frequency. 

25 Bias Voltage: The nam6 given a biasing signal if it constitutes a voltage. 

Bus Power: The power provided to a power amplifier circuit which is to be converted by that 
. circuit to radio frequently power. 

30 Bus Voltage: The voltage provided by the bus power circuit. 
Combiner: An element which achieves combining. 

Combining: Utilizing together the signals of a plurality of devices, such as power amplifiers 

1 
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to produce one or more higher power signals. The combining may be done by transformer 
action, by the simple summing of currents into one or more common nodes, or any other 
appropriate mechanism. It would include (but not be limited to) such utilization as adding, 
combining, sunmiing, or totaUng. 

Combining Circuitry: Any element or collection of elements which cause combining, such as 
from power amplifiers or from other combining circuitry. 

Common Electrical Point; An electrical location, such as a node or a collection of locations in 
an electrical circuit which receives currents or power from other locations or nodes. The 
common electrical point may, through the action of one or more combiners or other circuit 
elements act to achieve combining. 

Dividing a Potential: Causing, by any mechanism, a potential to be shared among a plurality 
of elements. The sharing may be even, such that each element has impressed across it 
substantially the same potential, or it may be uneven; in a power supply context, the concept 
includes that the circuit is so arranged that each load has impressed across it less than the total 
power supply potential. 

Electromagnetic Coupling Element: An element of a plasma system which is used to couple 
radio frequency power to a plasma. 

Establishing a Low Frequency Impedance: Creating a low frequency impedance for a circuit or 
collection of components through any available mechanism, including but not limited to the 
selection of components, varying of component values, or biasing of active elements. 

Radio frequency: An electrical alternation rate high enough tiiat the inductance and capacitance 
of ordinary cormection elements becomes significant. This may include at least any frequency 
between the broad limits of 300 kHz to 500 MHZ, and may even focus on tiie ISM frequencies 
allocated by the FCC for use by equipment designed for the Mdustrial, Scientific, and Medical 
fields, or even more specifically the frequencies of 6.78MHz, 13.56MHz, 27.12MH2, or 
40,68MHz. 

2 
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Radio frequency Drive Signal: A signal which alternates at a radio frequency and which is 
applied to the control element of a transistor or switch element to cause the transistor to vary in 
conductance, or to cause the switch element to transition from an "ON" state to an "OFF" state. 

High Power: A level of power too large to reasonably obtain from a low voltage single phase 
power line; in one context any power over about 1 00 watts would be considered "high", and may 
even focus on the several-kilowatt range, or even more specifically 1 to lOkW. 

Impressing a potehtial: in this context, arranging a circuit so that a potential appears across the 
object. That is, the object is subjected fo the impressed potential this might be done in a 
variety of ways, including at least by direct connection- to the potential or by an indirect method 
such as passing a current through the object to create the potential. 

' In-Phase Components: Two sisals are said to be in phase if the difference in the instants of 
their starting and ending alternations' is small ccimpared to their period of alternation. Two 
signals which are not in phase can be mathematically decomposed into fractions which are in 
phase and fractions which have alterriitiohs shifted by one-quarter of a period; the fonner are 
called the "in-phase components". 

Low Frequency Inipedance: The ratio of voltage across an object to the current through it, 
measured at a frequency below the radio frequency definition. ^ 

Phase: a) The fraction ot a complete cycle of an alternating signal elapsed as measured from a 
specified reference point; often expressed as an angle, or b) one of a multiple of power leads in 
a multi-phase supply system.' 

Series String: A corinectiori between a pluriality of elements made such that substantially most 
of the current froiri each liiust pass through each of the others. 

Single Phase Power: A system of power distribution utilizing two wires, such as a feed wire and 
a return wire, between which exists an alternating voltaige. Single phase power systems are often 
used in domestic and office envirorunents wherein low powers are required, and may be 

3 
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contrasted with multi-phase power systems, which have at least three wires and are often used 
in high power industrial environments. 

Switchmode: A circuit in which the main power element is predominately in either an "ON" 
state, wherein the voltage across the element is small compared to the "OFF" state voltage; or 
in an "OFF" state, wherein the current passing through the element is small compared to the 
"ON" state current; and wherein a condition of simultaneous substantial voltage and current is 
transient. 

Tiered Combiner: An element which effects tiered combining. 

Tiered Combining: Utilizing together the ou^uts of a first grouping of devices, such as power 
amplifiers into a first group (which may be termed level one), followed by combming the 
outputs of the first groiq) into a second group (level two), continuing (if necessary and desired) 
until one or more final outputs are formed. The groupings may be in threes, fours or any other 
grouping, but are commonly in pairs. For example, eight amplifier outputs may be combined in 
pairs at level one into four nodes, the four nodes combined in pairs at level two into two nodes, 
and these last two combined in pairs at a third level into a single output. In this example, the 
level two outputs could be left separate as dual indq)endent outputs without violating the concq>t 
of tiered combining. 

II. Background . 

Originally, except for some early use in diathermy machines, high power radio fi^uency 
generators were used principally as sources of eneigy for radio frequency transmitters. Today, 
operating at fiiequencies fiom about 100 kHz to about 500 MHZ, radio ftequency generators are 
widely used for plasma processing, as well as the energy source for lasers, high frequency 
lightmg, and dielectric heating or sealing equipment, and for providing the accelerating potential 
in electron and ion accelerators. 

Virtually all radio frequency generators for these purposes employ an element which converts 
direct current (dc) power, or steady voltage, to radio frequency power. This element is called an 

4 
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"inverter" or "converter" at lower frequencies, but at higher frequencies it is often termed a 
Power Amplifier, or PA, for historical reasons. Note that as used here the term "amplifier" 
includes, but is not limited to, circuits, such as switchmode "amplifiers", which may not literally 
"amplify" in the sense of producing a higher power replica of an input signal. Some such circuits 
5 may simply have powerleads, across which is impressed the dc potential conveying the dc input 
power; input terminals, across which is placed the input, or drive signal; and output terminals, 
across which appear the output power. The power leads could also carry non-dc power in its 
strictest sense so long as power from such leads is converted by the amplifier. 

1 0 In most of these uses, cbnt^l is required of th^ amount of radio frequency power produced by 
the generator. To provide this control, a measurement element is used to measure the output of 
the generator, the output of this element is compared to a desired value, and a control element 
which controls the output power is signaled to increase or decrease the output power to achieve 
the desired value. 

15 ^ ' ' ' ' • ' 

Designers of radio fi^uency g^ridratioh equipment have taken two approaches in the design of 
the control elemeirt asied td c6nti*ol the power; usually only one is used in any given piece of 
equipment.' The first 4>pW^hrcbntrols the input, or "drive", signal to the Power Amphfier (PA) 
in the gerieratbf: In this case the dc power to the PA (sometimes called the "bus" power) is held 

20 constant. In the second approach the drive signal to the PA is held constant and the voltage of 
the bus power (the "bus voltage") is varied as required to produce the desired output power. 
Such approaches for radio frequency designs may be considered distinct fix)m the approaches 
often available in low frequency designs because the low frequency designs often have the 
advantage of not having to usually include the lead inductance and the like of ordinary 

25 connection elements. In fact, this aspect has resulted in designers recognizing a distinction, 
namely, that the techniques of low frequency design often do not work in the radio frequency 
field. As but one example, it may even be considered that concepts such as floating an amplifier 
or the like may be oftdri avoided in the radio frequency field since parasitic elements can 
significantly alter the actual effect achieved. 

30 

In the radio frequency field, generally the former approach (varying the drive signal) is less 
expensive to implement, because providing a variable voltage dc power supply for the PA bus 

5 
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is more costly than providing for a variable drive signal. Most transistors suitable for radio 
frequency cannot withstand very high voltages, however, and this limits the maximum bus 
voltage. In generators to be used at low power levels - a few tens of watts- and in the United 
States or Japan, it is possible to rectify the 120 or 1 00 volt mains power directly to provide the 
5 bus voltage, but at higher power levels, or for European use, one must design for higher mains 
voltages. Direct rectification of US industrial and European mains voltages produces nominal 
dc bus voltages of 300 and 570 volts respectively, and under common conditions these values 
can be exceeded by 10-15%. It should also be noted that the radio frequency signals across the 
transistors exceed the actual dc supply voltage by an amount which depends upon the circuit 
1 0 configuration; in many common circuits the peak RF voltage across the transistor can be more 
than three times the dc supply potential. Finally, transients occur in some applications which 
further add to the total voltage appearing across the transistor. All of these effects add to pixKiuce 
peak voltage levels which can be too large for typical radio frequency transistors to withstand. 

15 In addition to these problems related to the transistors, in the commonly used "push-pull" 
circuits a transformer is utilized which typically contains ferrite cores, and the losses in these 
cores can become unmanageable at high dc supply potentials. 

As a result, transformers are usually placed in the power line to reduce the voltage prior to 
20 rectification, permitting lower, safe peak voltages on the transistors. These transformers are 
heavy and bulky in high power circuits which we here define as those over about 100 watts. It 
is principally the bulk and weight of the transformer that gives rise to the second approach, use 
of a switchmode dc pow^ conv^er. A switchmode dc power converter can be made which may 
operate from the directly rectified power mains and which may produce an appropriately reduced 
25 voltage, and such a power converter can be made small and light in weight. Such power 
converters are usually costly due to their complexity and fliis constitutes a disadvantage. Since 
a switchmode dc power converter intrinsically contains the circuitry to vary its output, however, 
once the designer has made the choice to incorporate such a costly element, the second power 
control approach becomes feasible at little or no additional cost. This second power control 
30 approach does solve another problem found in the fixed voltage method first described, which 
is that with a fixed power supply the power dissipation in the transistor devices can become 
excessive into some mismatched loads. For this reason, control circuitry can be commonly added 
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to fixed voltage designs to limit the open circuit voltage or short circuit current in order protect 
the transistor devices Scorn damage. In the second power control approach the power dissipation 
in the transistor devices is reduced into mismatched loads because the power supply voltage can 
be lowered to protect the transistor devices. The effect of this is an ability on the part of a 
5 generator designed with a variable power source to deliver more open circuit voltage or short 
circuit current than would be possible with a fixed voltage power source, given the same number 
of transistors with the same power dissipation ratings in each. This additional ability can be 
important in plasma powering applications and the like, because ignition of the plasma can often 
require significbht dpen circuit voltage frorn the radio frequency generator. 

So heretofore the designer of such high power radio fi^uency generation equipment has in many 
cases been facdd with the foUowirig dilemma: accept the large and heavy result of incorporation 
of a line transformer or incorporate a switchmode power converter with its high cost. This 
dilemma can exist regardless of the need to control the output of the equipment. 

The present invention' may be 'considered to 'skirt this dilemma.. It demonstrates one way to 
create a circuit coiifigur^ibti. which causes the high voltage of the directly rectified power mains 
to be shared among two or more Power Amplifiers. This can permit the complete elimination 
of the bulky and heavy power transformer and the alternative of the costly voltage-reducing 

20 switchmode power converter This m'ay be considered a fiindamentally simple concept and can 
be used with low^fi:-equellicy power supplies. ^But what is surprising is.that^this concept can be 
applied at -radio ftequehcy 'With simple circuit xonfigiu-ationsi. ' dt is: a measure of their 
ndnobviousness that the present invention has lain undiscovered in the- face of the above 
dilemma, in spite of yciars of development of the radio fi-equency rpowcngenerator. In fact, many 

25 ciirrently available 'xjOmmercial products could be significantly cost-^reduC^ by following the 
teachings of the prbseiit invention. " " t, r-' 

. To make this point "clearer,-it has been comrnon for a high power.radio fi-equency generator to 
be composed of a nunibei'.of Power Amplifiersreach producing :a':fi-action of the total output 
30 power. This has-been done because, until recently, semiconducting transistors capable of 
producing powers much above about 300 watts were not practically available, and those that exist 
may require special circuits to make use of them. Thus such generators producing over a few 
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hundred watts have used several Power Amplifiers with their outputs added, or combined, to 
produce the total power required. In all commercial generators in production today, these 
amplifiers are usually powered by a single low voltage dc supply, produced by a transformer or 
switchmode dc power converter. In several of these units, a simple reconnection of the power 
leads of the amplifiers in' accordance with the invention herein disclosed would have pemiitted 
complete elimination of the transformer, which in turn would have significantly lowered the size 
and weight of the unit and, importantly, the cost of manufacture. That this has not been done for 
these designs, many of which have been on the market in their preset form for over a decade, 
is an indication that those skilled in the art have heretofore failed to appreciate the possibilities 
for solution of this problem, and is a further indication of the nonobviousness of the present 
invention. 

III. Disclosure of the Inventioii 

It is an object of this invention to provide a cost effective, reliable, simple design for a plasma 
power generator. 

It is a further object of the present invention to provide a design which affords manu&ctuiing and 
commercial advantages. In keq>ing with this object it is a goal to provide a design which 
eliminates the need for power conversion components in the dc power supply to the radio 
fi-equency Power Amplifier or inverter. 

It is also a general object of the present invention to provide a design for a radio firequency power 
gmerator which is simple and cost-eflfective. In keeping with this object it is a goal to reduce the 
complexity and number of components in the power generation cucuitry, and to provide a design 
which can utilize low cost high fi-equency transistors while providing a high power radio 
frequency output 

It is a further object of the present invention to provide a design for a high power radio fi-equency 
generator which can be smaller and lighter in weight than prior art generators. Naturally, this 
may enhance the scope of appUcation of such generators. 

It is an additional object of the present invention to provide a design for a high power radio 
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frequency generator which is more reliable than prior art generators. The present invention 
accomplishes this object by reducing the number and complexity of the power components, and 
also by reducing the voltage stress to which the key semiconductor elements are subjected. 

5 It is yet a further objective of the present invention to provide a design for a high power radio 
frequency generator which can achieve stable yet faster control over its output power than was 
possible using prior art techniques. 

The present invention also has the object of providing more stable performance into load 
10 impedances which are not at the design center for the amplifier, with less dissipation or energy 
loss than prior art designs. In addition, techniques are disclosed for providing more power into 
these sub-optimal load impedances. As heretofore mentioned, this can be important to achieve 
ignition in plasma powering applications. . . 

15 It is yet another object of the present invention to provide a design for a variable frequency high 
power radio frequency generator which is capable of delivering high power into a single 
adjustable tuned circuit, which pemMts easier and more accurate tuning than in prior art designs 
which use multiple tuned circuits. 

•. V ' .-J : . • . : - . .• ■ 

20 Accordingly, the present invention provides novel designs v/hich utilize directly rectified mains 
power in powering relatively lower voltage Power Amplifiers, and may thus eliminate both the 
^ bulky and heav^ line transformer and the alternative costly switchmpde power, converter. ]n one 
embodiment, it may do tW&by ananging the circuits so that the rectified mains voltage (the "bus" 
power) is divided among a number of PA unit^. The present invention also discloses a method 

25 . of providing drive to the PA units which is not only simple but provides more output power for 
each PA unit than prior art drive techniques. The present invention also discloses methods of 
providing power connections to the PA units with the property of stabilizing the PA against 
spurious oscillations. The present invention also discloses simple methods of combining, 
summing, or adding together, output signals from a plurality of amplifiers, and discloses how 

30 such a plurality of amplifiers can be arranged to drive a single output tuned circuit so that tuning 
of the combined array is made simple and easy. Finally, a method is presented to permit higher 
open circuit voltage and short circuit current from a radio frequency generator operated from a 
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IV. BriefDescriptions of the Drawings. 

Figures la and lb are block diagrams of radio frequency high power generators in the usual 
configuration of the prior art. Figure la shows a transfomer/rectifier input circuit and Figure 
1 b shows a switchmode converter input 

Figure 2 is a detailed circuit diagram of one configuration accoidmg to the present invention, 
showing two PA units, and the circuit details resulting in sharing of the supply voltage, driving 
the PA units, and the stabilizing power connections. 

Figure 3 shows one form of power connection to switchmode PA units in the prior art. 

Figure 4 shows wavefonns which may be used to drive the power amplifiers. Figure 4a shows 
the drive wavefonns for the prior art; Figure 4b shows some drive waveforms as disclosed for 
the present invention. 

Figure 5 is a circuit diagram of a typical PA unit as may be incorporated mto the current 
invention. 

Figure 6 shows eight PA units in a saies^arallel siq>ply voltage arrangement wherein two 
groups of PA units each have impressed upon them one-half of the power supply voltage. 

Figure 7 indicates an alternative way of connecting eight PA units in a series/parallel supply 
voltage anangement, wherem each PA unit has impressed upon it one-fourth of the power siq>ply 
voltage, and wherein the outputs are combined using tiered combining. 

Figure 8 shows one more general method of tiered combining of PA odtputs. 

Figure 8b shows one embodiment of combiner unit for a pair of PA ou4>uts. 
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Figure 9 shows an alternate method of stabilization using a star configuration of resistors. 



Figure 10 depicts a circuit using a plurality of PA units combined into a single tunable resonant 
circuit. 

5 * 

Figure 1 1 is a graph of the available forward power from a radio frequency generator into a 
mismatched load, as a function of the total device dissipation in the generator's transistor devices. 

V. Best Modes for Carrying out the Invention 

10 ' . 

As mentioned above, the presait invention presents improved circuits and circuit configurations 
for production of radio frequency high power signals. This may be most easily seen by 
- comparison to' the prior art. In the prior art, the jncqming mains power supply is reduced in 
voltage to be compatible with the lower voltage capability of the power amplifying devices. As 

1 5 has been said, this can be accomplished in several ways, two of which are shown in Figure 1 . 

Figure la shows a common basic configuration of the prior art. Power from the incoming supply 
1 (such as the mains supply) is transformed by transformer 2 to a lower altemating voltage 3. 
This lower voltage 3 is converted to dc bus voltage 5 by AC-DC converter 4. This bus voltage 

20 5 is supplied to a plurality of power amplifiers (PAs) 7, by parallel connection. That is, each of 
the plurality ofPA units 7 is supplied the same bus voltages. Naturally, there may be in some 
cases only a single PA unit, but if higher powers are required, commonly a plurality of PA units 
are provided and a combiner 8 used to combine their individual radio frjequency outputs to form 
the required higher power at output 9 as shown in Figure la. As those of ordinary skill in the art 

25 of plasma processing understand, in such, applications, this output 9 may be then be coupled 
electromagnetically through some element such as an inductor design or a cathode/anode design 
or the like to create a plasma in some plasma element, such as a chamber or the like. Again, each 
of these elements is shown in the references, is well known,, and can be varied significantly to 
suit the particular application. 

30 

Altematively, referring now to Figure lb, power from the incoming supply 1 (such as the mains 
supply) is converted to dc voltage 1 1 by AC-DC converter 10 and subsequently transformed to 
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a controlled lower bus voltage 5 by DC-DC converter 12 for use by the plurality of PA units 7. 
Again, as those skilled in the art will recognize, it is possible that only a single PA unit could be 
utilized, but when higher powers are required, it is common to provide a plurality of PA units 7 
whose outputs are combined by combiner 8 to form the required power at output 9 as shown in 
Figure lb. 

Not shown in Figure 1 a or lb is the means for control of the ou^ut power; as those skilled in the 
art will know, this may be done in the configuration of Figure la by control of the drive signal 
to the PA units through control of radio firequency driver 6 by means not shown in the figure. 
In the configuration of figure lb, control is commonly done by adjustment of the bus voltage 5 
through control of the DC-DC converter 12 by means not shown in the figure, but control of the 
output power could as well be through control of radio fi:equency driver 6, as in the former case. 

Regardless of the approach, the fimdamental concept in the prior art has been to produce a 
powering voltage for the PA units which may be less than the voltage nominally obtainable by 
direct rectification of the mains power. As will be recognized by those skilled in the art, this has 
been necessary because most transistors suitable for radio fi-equency cannot withstand the peak 
voltages which occur when the powering voltage is obtained by direct rectification of the power 
line. In generators to be used at low power levels in the United States or Japan, it is possible to 
rectify 100-120 voU mains power directly to provide a bus vohage of about 140-165 volts, but 
at higher power levels or for European use, one must design for higher mains voltages. Dfrect 
rectification of US industrial and European mains voltages produces nominal dc bus voltages of 
300 and 571 volts respectively, which value is exceeded by 10-15% under "high line" conditions. 
In addition the radio fi-equency signals across the transistors can exceed the actual dc supply 
voltage by an amount which depends upon the circuit configuration; in many common circuits 
the peak RF voltage across the transistor can be more than three times the dc supply potential. 
Finally, transients occur in some applications which fiirther add to the total voltage appearing 
across the transistor. All of these factors produce peak voltage levels which may be too large for 
typical radio fi-equency transistors to withstand if the nominal dc bus voltage is higher than about 
200 volts. In using US industrial or European mains voltages, then, the prior art concept has 
been to reduce the powering bus voltage, either with a transformer or with a DC-DC converter, 
to levels which range fi^om about 28 volts to about 200 volts. 
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The present invention avoids the requirement to reduce the powering bus voltage by placing the 
PA units in series so that the unreduced bus voltage is shared among a plurality of PA units. For 
the minimum case of two PA units, one way this is done in accordance with the teachings of the 
present invention may be seen in Figure 2. PA unit 1 3 has its positive power lead 1 4 connected 
S to the positive bus termiAal 15 and its negative power lead 16 connected to positive power lead 
17 of PA unit 18. Negative power lead 19 of PA unit 18 is connected to negative bus terminal 
20 through parallel resistor-capacitor circuit SO. Thus PA unit 13 is in series with PA unit 18 
from the point of view of the power supply fomied by bus leads 15 and 20, and the voltage across 
each of the PA units 13 and 18 individually is less than, and must sum near to, the powering 
10 voltage between bus leads 15 and 20. It should be noted that, while Figure 2 uses the field effect 
transistor symbbl for the semiconducting devices, the teachings of the present invention apply 
equally well to otheJr types of semiconducting or other devices, including bipolar transistors, as 
one example. 

15 Because the PA units 13 and 18 aire in series across the power supply, the power supply current 
through each rfiust be rbiighly the same. This current in Figure 2 passes sequentially through 
inductor 26, th6 inductor in resonahf circuit 27, inductor 28, transistor 25, inductor 29, the 
inductor m resonant circuit 30, inductor 31, and transistor 32. If desired, to ensure that the 
. powering voltage across the two PA units is also about the same, a resistive divider 2 1 , formed 

20 by resistors 22 and 23, may be connected across the bus leads 1 5 and 20. This resistive divider 
may split the powerih^ voltage equally or unequally, biit in symmetrical circuits with two PA 
units, such as the circuit' of Figure 2, the two resistors 22 and 23 liiay be equal, producing a 
voltage iat node 24 apjprd^imately halfway between that of positive power lead IS and negative 
power lead 20. The divided voKage at node 24 is applied to the cbiitrbl lead of transistor 25 

25 through aii isolation 'element] shoWn here as resistor 33, and the secondary of transformer 34. 
The selection of the isoidtiori element may vary depending on the requirements of the amplifier 
and the mode of operation; A control voltage 37 i^ applied to the control lead of transistor 32 
through resistor 3 5 and the secondary of transformer 36; This control voltage, through the action 
of transistor 32, sets the curreht in tranisistdr 32, and Vhis current will flow sequentially through 

30 inductor 26, the inductor in resonant circuit 27, inductor 28, transistor 25, inductor 29, the 
inductor in resonant circuit 30, and inductor 31, as previously mentioned. The voltage 
established by the voltage divider 21, applied to the control lead of transistor 25, through 
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transistor action sets the voltage at its source lead, which is the voltage at lead 16 of PA unit 13. 



Thus the steady current flowing in the series path formed by inductor 26, the inductor in resonant 
circuit 27, inductor 28, transistor 25, inductor 29, the inductor in resonant circuit 30, inductor 31, 
and transistor 32 is established by the magnitude of the control voltage 37 acting on transistor 
32, and independently the voltage at the midpoint of the two PA units 13 and 18, and therefore 
the voltage across PA unit 18, is established by the action of the voltage divider 21 and transistor 
25. Typically in Figure 2 the resistors 22 and 23 would be made equal, and in this case the 
voltages across PA units 13 and 18 would be approximately the same, and equal to half of the 
total supply voltage between terminals 15 and 20. While separate feedback circuitry could be 
provided to equalize the voltage across each device, the present arrangement uniquely uses the 
PA devices themselves for negative feedback to achieve equal division. The equal division 
creates the lowest voltage stress on the PA units, because if the division was unequal, one of the 
two PA units would have more than half of the total supply voltage across it The addition of the 
parallel combination 50 of a resistor and a capacitor in series with the lower PA between circuit 
nodes 19 and 20 provides a small voltage which subtracts from the bias provided by control 
voltage 37; this makes the above mentioned power supply current much less dependent on the 
exact characteristics of the transistor 32, and serves to make the power supply current more 
uniform from PA unit to PA unit in circuits with a plurality of pairs of PA units. If only two 
units are connected together as shown in Figure 2, this uniformity is less important and cm:uit 
50 may be dispensed with. 

The PA units 13 and 18 each are arranged to amplify the input signal provided at input terminals 
38. The outputs of these PA units, at nodes 39 and 40 respectively, may be used independently 
or added together as shown in Figure 2 . In Figure 2 the two ou^uts are added by connecting the 
two outputs m parallel through capacitors 41, 42, 43, and 44 to RF ou^ut terminals 45. 

To summarize what has been indicated so far. Figure 2 shows two PA units. Their power leads 
are connected in series, which lowers the total voltage impressed upon the individual PA units, 
while their inputs and outputs are connected in parallel, permitting their powers to be added 
together at the output. The circuit in Figure 2 is arranged to control the vohage across each of 
the two PA units to be ^proximately the same and roughly equal to half of the supply voltage. 

14 
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It will be understood by those skilled in the art that there are other possible circuit configurations 
and connections capable of achieving this voltage division. In this context it should be 
understood that Figure 2 is intended to show a preferred embodiment and not all possible ways 
of achieving this basic objective of the invention, and in fact some of these other embodiments 
5 will be shown later in this application. 

In addition to the concept of dividing the bus voltage among more than one PA unit, the present 
application also discibsfes a novel way of connecting the bus power to any PA unit. This will be 
seen by comparing Figure 2 and Figure' 3; the latter shows one form of prior art power 

10 connections to switchmode PA units, in accordance with the teachings of U.S. Patent No. 
5,187,580, "High Power Switch-mode Radio Frequency Amplifier Method and Apparatus", 
incorporated herein by reference. In Figure 3, switchmode drive element 51 causes transistor 52 
to be either ON (highly conducting with very little voltage across it) or OFF (non-conducting 
with very little current through it). PA designs with such drive circuits are called switchmode 

1 5 because the transistor 52 acts like a switch as opposed to a variable conductance. Such designs 
are popular because they are highly efficient, as very little power is dissipated in either state of 
transistor 52. This means,'however, that the waveform at the drain terminals of the transistor 52 
is noqsinusoidal. For this reason filter 54 is used to remove the harmonic content of the drain 
waveform of transistor 52 to prevent it firom reaching output 55. To feed power to the circuit, 

20 radio frequency choke 53 is used. Roughly the entire radio firequency voltage appears across 
choke 53 and basically the fiill power supply current passes through it, and it should therefore 
have low resistance and substantial inductance, typically several microhenries. To obtain such 
inductances in physically small inductors one generally uses ferrite cores, and substantial losses 
can be sustained in these cores, especially if they must support any substantial rf induction, 

25 which is the case in the circuit Figure 3. If, for example, the waveforin at the drain lead of 
transistor 52 has an amplitude of 200 volts and a firequency of 1 3 .57 MHz, and if choke 53 has 
a value of 2.5 microhenries, all reasonable values, the radio fi-equency current flowing in the 
choke 53 (which should be nearly zero for low losses) is nearly one ampere. In addition several 
' ' amperes of direct current to supply power to the circuit must also flow in the same inductor, and 

30 this adds to the losses. 

In the circuit of Figure 2, the feed point for the supply power has been moved to the junction of 
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inductor 28 and capacitor 46, at circuit node 39 for the upper PA unit, and similarly at circuit 
node 40 for the lower PA unit. As the filters formed by inductor 28 and capacitor 46 for the 
upper PA and inductor 3 1 and capacitor 47 for the lower PA cause the harmonic content of the 
transistor wavefonns to be removed, the voltages are practically sinusoidal at these nodes 39 and 
5 40. Parallel resonant circuits 27 and 30, in series with the supply leads and attached to these 
nodes, provide a high impedance to the fimdamental frequency, which is the same puipose of the 
choke 53 in Figure 3, but do so with substantially smaUer inductance values. In a practical case 
inductor values for the circuits 27 and 30 can be at least ten times smaUer than that required in 
Figure 3 for choke 53, permitting inductors without ferrite cores (and thus without core losses) 
10 to be utilized. 

In summary, the novel step of moving the feed for the power supply to nodes with sinusoidal 
voltages, such as nodes 39 and 40 in Figure 2, and using parallel resonant circuits in the feed line, 
permits the use of much smaller inductance values than in the prior art, eliminates the use of 
1 5 ferrite material, and lowers the losses in the circuit, increasing efficiency. 

Also in Figure 3 can be seen, connected across the output at node 55, a parallel resonant circuit 
56 and resistor 57. These elements act to absorb energy at fiequencies other than the 
fundamental frequency with the aim of increasing the stability of the PA unit against spurious 

20 responses and oscillations; this concept is the subject of co-pending PCT Application No. 
PCT/US93/03543, Publication No. WO 93/21685, incorporated herein by reference. This same 
function is novelly and more simply done in Figure 2 in two diflferent ways. In the upperPA unit 
13 stabilization is accomplished by the addition of inductor 26 in series with the positive supply 
line and the addition of the series resistor and capacitor networic 48 fiom the junction of inductor 

25 26 and resonant circuit 27 to the negative supply line 16 for PA unit 13. This works as follows. 
The resonant circuit 27 presents a high impedance to the fundamental frequency but passes 
current at harmonics of the fimdamental frequency and other frequencies. This current 
establishes a voltage across inductor 26, which creates a current in network 48, absorbing power 
as desired. 



30 



In the lower PA unit 18. this stabilization is accomplished by the addition of the parallel 
combination of inductor 30 and resistor 49 in series with the supply line 1 7. As does resonant 
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circuit 27 in the upper PA unit, resonant circuit 30 presents a high impedance to the fundamental 
frequency but passes current at haimonics of the fundamental frequency and other frequencies. 
This current establishes a voltage across inductor 29, which creates a current in resistor 49, 
absorbing power as desired. The dc power current is carried by the inductor 29 and bypasses, 
5 and therefore creates no losses in, resistor 49. Either of these two methods of stabilization may 
be used effectively to prevent spurious oscillations and other instabilities. Yet another 
embodiment, not shown in Figure 2 or Figure 3; of the concept of absorbing power at other than 
the fundamental frequency, are possible and will be disclosed later in this application. 

1 0 Referring now to Figure 4, the novel drive features of the circuit of Figure 2 may be seen. In the 
prior art, the amplitude of the signal at the control electrode of the PA unit transistors has been 
modified to change the output power as shown in Figure 4a. For a switchmode amplifier design, 
a threshold voltage 58 is caused to exist, above which tiie switching transistor (e.g., 25 and 32 
in Figure 2 and 52 in Figure 3) is ON (highly conducting with very little voltage across it), and 

1 5 below which the switching transistor is OFF (non-conducting with Very little current through it). 
In practical circuits there is a small range of voltages, called the transition (or switching) region, 
near threshold voltage 58, which cause intermediate conduction. Since during the time period 
' in which intermediate bondiiction occurs there is some voltage across the switching traiisistor at 
the same time therie is buiterit flowing through it, power is lost during this period, and it is 

20 usually desiratfle to make this period as short as possible. In Figifre 4a the period may be 
adequately short at large drive levels (high output powers) but as the drive level is reduced the 
fraction of the period' durii^ -Hvhich^ additional ahd unaeieptable power is consumed in the 
switching transistot is increased, as the waveforai speiids more time- in the trbisition region. 
Note that in Figure 4a*the radio frequency drive signal is centered -about^the threshold voltage 58; 

25 generally the drive signal center is established such that a smaill btit steady current is drawn at 
zero drive. This is required in most prior art designs to create' adequate wavetbrm fidelity at low 
signal levels. - ' * 

In the present invention the drive is accomplished in a novel and quite different way. The 
30 condition of higher loss at low drive levels is ameliorated by maintaining a high amphtude drive 
waveform and superimposing a dc level 59 which is varied to change the output power. Because 
of the high drive amplitude, the waveform passes relatively rapidly through the transition region 
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around the threshold voltage, reducing the time spent in this lossy region. The lower resulting 
losses cause the amplifier to be more efficient. This is implemented in Figure 2 by varying the 
control voltage 37, which becomes, in the circuit of Figure 2, the equivalent of dc level 59 in 
Figure 4. Because of the inherent feedback of the circuit of Figure 2, the control voltage is 
closely replicated for the transistor 25. Both transistors 25 and 32 have the same dc current 
through them and the same voltage across them, and the voltage between thdr control electrodes 
and their sources will be nearly the same, in both cases equal to voltage 37. The steady, high 
amplitude, drive signal shown in Figure 4b is ^plied in Figure 2 at rf terminals 38 and does not 
vary during opo'ation. 

The concepts outlined in flie specific embodimrait of Figure 2 may be generalized in several 
ways. Figure 5 shows a diagram of a single PA unit 60 which has radio frequency drive input 
61, bias iiq>ut 62, positive power lead 64, negative power lead 65, and output tenninal 63. Eight 
such units are connected together in accordance with the teachings of this invention in Figure 6. 
In analogy with Figure 2, the power leads of pairs of PA units are connected in series, and these 
pairs are in turn connected in parallel across the power supply at circuit nodes 69 and 70. In the 
same manner as has been described in the discussion of Figure 2, a voltage divider 66 has been 
provided to create a bias voltage for the upper PA units in Figure 6; as before the voltage division 
may be equal or unequal, but typically would be made equal to lower the maximum voltage 
stress on the PA units. The voltage created by voltage divider 66 is connected to the bias 
temiinals 62 of the uppw PA units, and the control voltage 73 is connected to the bias terminals 
62 of the lowo: PA units. As in Figure 2, a parallel combination 68 of a resistor and a capacitor 
is placed in series with the lower PA units to minimize the effects of unequal threshold voltages, 
in a manner which will be familiar to those skilled in the art. Not shown in Figure 6 is the radio 
fi-equency drive circuit; the primaries of the drive inputs 61 for the PA units 60 would be 
connected in parallel as shown in Figure 2. Control of the output power in Figure 6 may be 
accomplished in the manner shown in Figure 4 through application of a variable control voltage 
to terminals 73. The output terminals 63 of the four upper and four lower PA units are connected 
together through c^acitors to the radio frequency output tenninal 71 . Capacitors 67 are utilized 
to connect the negative power terminals 65 of the eight PA units to the output common, or 
ground. 
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In this manner eight PA units may be connected together to form a high power output having 
approximately eight times the power of an individual stage, while utilizing a power source 
having a potential twice that which can be safely placed across any of the individual PA units. 

. 5 There are yet other ways in which a plurality of PA units may be connected in accordance with 
the teachings of this invention. Figure 7 shows eight PA units 60 connected such that only 
one-fourth of the power supply voltage appears across any one of them. The general similarity 
of approach to Fijgure 6 will be evident to those skilled in the art. In Figure 7 each of two sets 
of four PA units are connected in series, and the two sets then connected in parallel. The addition 

1 0 of the parallel combination 68. of a resistor and a capacitor in series with the lowest PA provides 
a small voltage which subtracts from the bias provided by control voltage 73; this makes the 
power supply current in each of the two parallel PA sets much less dependent on the exact 
characteristics of the transistors, and serves to eiqualize the PA currents. The bias terminals of 
pairs of these are connected to a voltage divider 74 siich that their low frequency impedance is 

15 controlled to place one-fourth of the povver supply voltage across each of them in the msomer 
heretofore described iri the discussion of Figure 2! Not shown in Figure 7 is the radio frequency 
drive circuit?^the i)rimiaries of the drive inputs 61 foi- the PA units 60 would be connected in 
parallel as shoWih' Figui'6 2. Control of the output power in Figure 7 is accomplished in the 
maniier shown in Figure 4 thrbugh ajiplibation of a variable bias voltage to terminals 73. The 

20 outputs of adjacent PA miits are shown connected in parallel through coupling capacitors 72, as 
was shown in Figurei^6', but in this case the resulting four outputs are boriibinted through a tiered 
combiner. The- lippei* padr and lower pairs, of outputs are combined with transformers 75, 
producing two outputs in thie first tier of combining, inditated as'76.' These tWb outputs are then 
combined in a^second ti^r^ with transformer 77. In this'^mianher ^ single output with the power 

25 of all eight PA units is treited. Tht single output common tehrtinal, or ground^ is connected, as 
' in Figure 6, to the negative power terminals of the PA units 66ithrdugh ^apatitbrs 67, effectively 
placing all PA units ih parallel for radio frequencies. • ^ : . 

" The eight PA units could have also been corribihed ih a three' tier combiner as shown in Figure 
30 8. Here is shown a pluraUty 78 of eight PA units being first combined in pairs using combiners 
79 in a first tier 80, then the resulting four outputs being combined in pairs using combiners 79 
in a second tier 81 , and finally the resulting two outputs being combined using combiners 79 in 

19 



BNSOOCIO: <WO 9837627A 1 . L> 



wo 98/37627 PCTAJS98A)3S64 

a third and final tier 82 to produce the final output 83. Naturally, the process could be stopped 
at any point to produce multiple outputs. For example, the final tier 82 could be omitted if two 
independent outputs were desired - the desired two outputs would be obtained as a result of the 
combiners 79 in the second tier 81. Figure 8b shows a particular embodiment of combiner 79, 
using mutually coupled inductors. 

PA devices have internal parasitic elements such as output c^acitance and lead inductance. 
Whrai combined in direct parallel, Aese parasitic elanents can create resonances and instability. 
A new combiner is proposed which solves the problon. Referring to Figure 8b, from input to 
input the inductance of the combiner adds. From combined input to output the inductance 
cancels or is negligible. Further, some type of dissipation element such as resistor 97 may or 
may not be included. Resistor 97 could be connected across the inputs to dampen oscillations 
. Alternatively, or in addition, a lossy inductor could accomplish the same. This combiner can 
be quite small, taking only 1/8 cubic inches at the kilowatt level. This form of combiner may 
equalize the currents from each amplifier while simultaneously dampening spurious responses. 

Figure 2 (for the cuirent invention) and Figure 3 (for the prior art) each show a mechanism for 
absorbing energy at frequencies other than the fundamental frequent^, with Oe aim of increasing 
the stability of the PA unit against spurious responses and oscillations. In Figure 2 this is 
accomplished by resistors 48 and 49, and in Figure 3 by resistor 57. It was mentioned above that 
there wae otho: novel ways of accomplishing this stabilization of the PA array, and one of these 
is shown in Figure 9. In Figure 9, the outputs of a phiiality 78 of eight PA units are combined 
in a tiered combiner consisting of seven combiners 79 in three tiers. A star stabilizer networic 
of resistors 84 is created by connecting one resistor fix)m each of the outputs of the PA units in 
plurality 78 (after isolation by ou^ut c^acitors 72) to a common node 85. This acts to stabilize 
the array of PA units because if any of the PA units creates a signal which is spurious, its output 
will not be identical to the others, and current will flow in the network of resistors 84, absorbing 
energy from the system and acting to stabilize it. 

In cases where extremely high power is desired, many PA units may be requiied. Also, as higher 
powers are achieved, efficiency becomes increasingly important because a small fractional loss 
of a very large output can be itself substantial and important to minimize. The efficiency of a 
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PA unit can be affected adversely by mistiming of the frequency-determining elements of the PA 
units. In Figure 2 these consist of inductor 28 and capacitor 46 for the upper PA unit and 
inductor 3 1 and capacitor 47 for the lower PA unit, as well as the parallel resonant power supply 
feeds 27 and 30. Also, if the frequency of a high power PA array must be variable, each of these 
5 must be retuned for the unit to operate properly at a new frequency. Tuning such a number of 
elements simultaneously is difBcult and expensive. 

In very high power systems, therefore, or in systems wherein a variable frequency is wanted, it 
would be desirable, to have the fewest possible elements required to be variable. Figure 10 shows 

10 a mechanism using the methods of the present invention to create a high power output from a 
plurality of PA units and yet require only a single tuned circuit be adjusted for high efficiency 
or for changes in frequency. In Figure 10, the PA? units 86 are reduced to the minimimi switch 
elements and may be non resonant; fthat is.do not hafve frequency-determining elements. In 
accordance with the teachings of the present invention, multiple such PA units 86 are connected 

15 into two groups, an upper group . 87 and a lower group 88, which are connected in series with 
power source 94 through inductors 89, which act as high impedances at any radio frequency. 
Resistive divider 90, which would usually be an equal divider, causes, in the manner heretofore 
described, half of;the pptential of power source 94 to appear across each of the two groups 87 and 
88. It should be noted that in Figure 10 only two PA imits 86 are shown in each of the upper and 

20 lower groups, but any^number could be connected in parallel in each group to obtain the desired 
output power. Mutually coupled inductors 96 (as shown n Figure 8b) may be used to combine 
pairs of PA units in each of the upper group. 87 and the lower group 88 and.capacitors 91 are used 
to connect the upper group. 87 and the lower group 88 in parallel at radio frequencies. The 
resulting power is . applied to output 93 after passing through another combiner such as the 

25 mutually coupled inductors 96 and then to resonant circuit 92. Resonant circuit 92 is shown as 
being adjustable, and as this is the only variable element in the circuit, changes in frequency of 
, operation or tuning to. obtain maximum efficiency is simple, and does not require careful 
coordination of multiple tuned circuits. 

30 One consequence of combining the techniques disclosed herein is that large numbers of transistor 
^ devices can be combined in parallel and series strings. This makes possible variable-frequency 
solid-state amplifiers capable of power outputs above 100 kW, such as are used in short wave 
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Not shown in Figure 10 is the radio frequency drive circuit; the primaries of the drive 
transformers 98 for the PA units 86 , if shown, would be connected in parallel in the same 
5 manner as the primaries of transformers 34 and 36 in Figure 2. Control of the output power in 
Figure 1 0 is accomplished in the manner shown in Figure 4 through application of a variable bias 
voltage to terminals 95. 

A problem mentioned previously is the difiBculty of delivering substantial forward power into 
10 mismatched loads» particularly into open and short circuits, from generators utilizing fixed 
voltage power supplies. This is a problem because the characteristics of the load, combined with 
the fixed high supply voltage, may cause the transistor devices to operate in the linear region, 
resulting in high power dissipation. To protect the transistors from damage due to this high 
power dissipation, circuits are usually added to fixed voltage designs to limit the open circuit 
15 voltage or short circuit ciurent. 

Figure 1 1 is a graph of the available forward power from a radio fi^uency generator into a 
mismatched load, as a function of the total device dissipation in the generBtofs transistor devices. 
As can be seen, the available forward power increases fastsr than linearly with power dissipation. 
Increasing the cooling capability of the transistor devices, therefore, allows an unanticipated 
20 bonus m available forward power bqrond that expected from a linear relationship. Operating at 
60, 70, or even about 80 percent of the rated output power may provide advantages. Increasing 
the actual area of the transistor devices, or equivalaitly, their number, has been discovered to add 
more available forward power proportionally than the increase in area. That is, a generator using 
a larger number of lov/er power devices will show an improvement in available forward power 
25 into a mismatched load as compared to a generator using a smaller number of higher power 
devices, even if both have the same total power dissipation capability. It is hypothesized that this 
second effect is due to the increased output capacitance of the former generator as compared to 
the latter, and that this increased output capacitance acts to reduce the variations in the load 
impedance as reflected to the transistor devices themselves. Thus it may be possible to increase 
30 available forward power output into mismatched loads by the artificial addition of capacitance 
across the output of the transistor devices, provided this can be done without the insertion of 
appreciable mductance between the device and the capacitance. This increase in available 
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forward power is important to make it possible to deliver more open circuit voltage or short 
circuit current than would otherwise be possible with a fixed voltage power source, given the 
same number of transistors with the same power dissipation ratings in each. This additional 
ability can be important in plasma powering applications, because ignition of the plasma often 
5 requires significant open circuit voltage from the radio frequency generator. 

The foregoing discussion and the claims which follow describe the preferred embodiments of the 
invention. Particularly with respect to the claims it should be understood that changes may be 
made without departing from their essence.* In this regard it is intended that such changes would 

10 still fall within the scope of the present inventioir. Jt . is simply not practical to describe and claim 
all possible revisions which may be accomplished; to- the present invention. To the extent such 
revisions utilize the essence of the invention each would naturally fall within the breadth of 
protection accomplished by this'patent: This is particularly true, for the present invention since 
its basic concepts and understandings are fundamentalin natureiand can be applied in a variety 

15 of ways to a variety of fields. * c . ^ 

r : ' Furthermore, any.refereaices mentioned in the application for this patent as well as all references 
listed in any information disclosure;ori^n^ly.filed:with the gqjplicatiop are hereby mcorporated 
. by reference/in their entirety, to .the extent. such may be deem^ essential to support the 
20 enablement of the:anvention(s). .However, to the:extent. statements might be considered 
inconsistent with the patenting of this/these invention(^) such statements are (expressly not to be 
considered as inade by the applicant(s).. . . ^ ». ; . r.^ 

{J .": i: \ \ •*. r • ^' v-i- "i ' 
Finally, in addition, each of the various elements of the inyentjon^and. claims may also 
25 be achieved in a variety of marmers^ This disclosure should be understood to encompass each 
such variation, be it a variation of an embodiment of any apparatus eimbodiment, a method or 
process embodiment/ >or even merely a variation of any element of these. . Particularly, it should 
. .be understood that as^the:disclosure relates to elemehts/of the invention, the words for each 
element may be expressed by equivalent apparatus ternis or method terms. .even if only the 
30 fimction or result is the same. Such equivalent, broader, or even more generic terms should be 
considered to be encompassed in the description of each element or action. Such terms can be 
substituted where desired to make explicit the implicitly broad coverage to which this invention 
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is entitled. As but one example, it should be understood that all action may be expressed as a 
means for tatang that action or as an element which causes that action. Similarly, each physical 
element disclosed should be understood to encompass a disclosure of the action which that 
physical element facihtates. Regarding this last aspect, as but one example, the disclosure of an 
5 "amplifier" should be understood to enconqjass disclosure of the act of "amplifying" - whether 
explicitly discussed or not - and, conversely, were there only disclosure of the act of 
"amplifying", such a disclosure should be understood to encompass disclosure of an "amplifier." 
Such changes and alternative tenns are to be understood to be explicitly included in the 
description. 
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V. Claims 



We claim: 

5 1 . A method of producing high power radio frequency signals comprising the steps of: 

a) supplying a dc input having a potential; 

b) dividing said potential among a plurality of amplifiers; 

c) supplying a radio frequency drive signal to each of said amplifiers; and 

d) combining the radio frequency output of said amplifiers whereby a high power 
10 radio frequency signal is formed which has a power greater than any one of said 

radio frequency outputs of said amplifiers. 

2. A method of producing high power radio frequency signals as described in claim 1 
wherein said radio frequency drive signal has a dc level and wherein said step of 

15 supplying said radio frequency drive signal comprises the step of varying said dc level. 

3. A method of producing high power radio frequency signals as described in claim 1 
wherein said step of dividing said potential comprises the steps of connecting said 
plurality of amplifiers in a series string and impressing said potential across said series 

20 string. 

4. A method of producing high power radio frequency signals as described in claim 3 and 
further comprising the step of establishing a low frequency impedance for each of said 
plurality of amplifiers causing said potential to be divided at least in part as a result of 

25 said low frequency impedance. 

5. A method of producing high power radio frequency signals as described in claim 3 or 4 
wherein said potential is divided approximately equally among said amplifiers. 

30 6. A method of producing high power radio frequency signals as described in claim 3 
wherein said step of dividing said potential further comprises the step of creating at least 
one bias voltage and providing said bias voltage to at least one of said amplifiers. 
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7. A method of producing high power radio frequency signals as described in claim 6 
wherein said potential is divided approximately equally among said amplifiers. 



8. A mefliod of producing high power radio frequency signals as described in claim 1 or 3 
wherein at least one of said amplifiers comprise a switchmode-^e amplifier. 

9. A method of producing high power radio fiiequency signals as desraibed in claim 1 or 6 
wherein said amplifier outputs comprise currents and wherein said step of combining 
comprises the step of adding said radio frequency currents fix>m at least two of said 
plurality of amplifiers. 

10. A method of producing high power radio frequency signals as described in claim 9 
wherein said step of totaling comprises the step of adding said radio frequency currents 
at a common electrical point. 

11. A method of producing high power radio frequency signals as described in claim 1 
wherein said step of combining comprises the step of tiered combining. 

12. . A method of producing high power radio frequency signals as desoibed in claim 1 1 

wherein said step of tiered combining comprises: 

a) partitioning said an:q>Iifiers into pairs wherein said radio bequeacy ou^ut of each 
of said amplifi^ has a substantially in-phase component; 

b) combining said substantial^ in-phase components of said radio frequency outputs 
fiiom each of said amplifiers of said pairs to form a first set of summed outputs 
each having substantially in-phase output components; 

c) partitioning said first set of summed outputs into at least one pair; 

d) combining said substantially in-phase output components of said first set of 
sununed outputs to form at least one second summed ou^ut . 

3. A method of producing high power radio frequency signals as described in claim 12 and 
fiirther comprising the steps of repeating said steps 12 c) and 12 d) wherein said second 
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summed output is considered as a first set of summed outputs, and wherein said steps 12 
c) and 12 d) are repeated to achieve said high power, radio frequency output. 

14. A method of producing high power radio frequency signals as described in claim 13 
5 wherein said step of repeating continues until a last pair of said further common electrical 

points are connected into a final common electrical point. 

15. A method of plasma processing as described in claim 12 wherein said step of combining 
comprises passing said' radio frequency outputs through at least one pair of mutually 

10 coupled inductors. ' ' * ' = ^ ' - r 

16. A method of producing high power radio frequency signals comprising the steps of: 

a) supplyihjgadc inputhaivihg apoteiitial; ' 

b) arrangihg powfer leads of a plurality of toiplifiers in a series string wherein at 
15 least two of said amplifiers output a radio frequency signal; and 

c) impressing said potential across said series string. 

1 7. A method of producitig high'power radio frequency signals'as described in claim 1 6 and 
further comprising the step of establishing a low frequency impedance for at least one of 

20 said amplifiers dausihg said potential to be divided among said amplifiers. 

18. A method of producing high power radio frequency signals as described in claim 1 6 or 
1 7 wherein said potential- isf divided iapproximately equally among said amplifiers. 

25 19. ' A method of producing high poWer radio frequency signals as described in claim 17 
wherein *sdid step of establishing comprises creating ^at least one bias voltage and 
providing said bias voltage to iat least one of said amplifiers. 

20. A method of pfbducing high pbwer radio frequency signals as described in claim 17 
30 wherein said potential is divided approximately equally among said amplifiers. 

21. A method of producing high power radio frequency signals as described in claim 16 or 



27 



BNSOOCIO: <WO 9837627A I J. > 



wo 98/37627 PCT/US98/03564 
17 wherein at least one of said amplifiers comprises a switchmode-type amplifier. 



22. A method of producing high power radio fi-equency signals as described in claim 16 or 
1 9 wherein each of said amplifiers has an output cun-ent and fiirther comprising the step 
of adding said currents fi-om at least two of said amplifiers. 

23. A method of producing high power radio firequency signals as described in claim 22 
wherein said step of adding comprises the step of totalmg said radio frequency currents 
at a conmion electrical point. 

24. A high power, radio fiiequency power generator to provide power comprising: 

a) a source of power having a dc potential; 

b) at least one driver supplying at least one radio fi^equency drive signal; 

c) a plurality of power amplifiers responsive to said radio fi-equency drive signal 
each having a radio fi-equency output, said plurality of amplifiers connected whereby 

across each of said amplifiers is impressed less than said potential; and 

d) combining circuitry responsive to at least two of said amplifiers whereby at least 
one signal is formed which has a power greater than any one of said radio 
fi^equmcy outputs of said amplifiers. 

25. A high power, radio fi-equency power generator as described in claim 24 wherein said 
plurality of power amplifiers are connected in a series string and said dc potential is 
impressed across said series string. 

26. A high power, radio firequency power generator as described in claim 25 wherein said 
amplifiers have a low frequency impedance causing said potential to be divided among 
said amplifiers. 

27. A high power, radio frequency power generator as described in claim 25 or 26 wherein 
said potential is divided approximately equally among said amplifiers. 

28. A high power, radio frequency power generator as described in claim 25 and fiirther 
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comprising a bias voltage supply which controls a division of said dc potential among 
said power amplifiers. 

29. A high power, radio frequency power generator as described in claim 28 wherein said 
potential is divided approximately equally among said amplifiers. 

30. A high power, radio frequency power generator as described in claims 24 or 25 wherein 
at least one of said aniplifiers comprises a switchmode-type amplifier. 

31. A high power, radio frequency power generator as described in claim 24 or 28 wherein 
each of said amplifiers Has an output comprisihg a current and wherein said combining 
circuitry comprises an electrical network arrianged to add said currents from at least two 
of said amplifiers. * 

3i. A hi^ power, radio frequency power generatdr as described in claim 31 wherein each 
of said amplifiers has an butput'ahd wherein said combining circuitry comprises at least 
one series eiectricail element connebted between each of said outputs of said amplifiers 
Md a common ei«:tricai jpoint. ' 

33. A high power, radio frequency power generator as described in claim 32 wherein said 
series electrical element comprises an inductor, capacitor, or resistor. 

34. A high power, radio frequency power generator as described in claim 24 wherein said 
combining circuitry comprises at least one tiered combiner. 

35. A high power; i^dio frequency power generator as described in claim 34 wherein said 
plurality of amplifiers comprises at least four amplifiers each having radio frequency 
outputs, said outputs having a phase, wherein said amplifiers are paired, and wherein said 
tiered combiner comprises: 

a) a plurality of first order connections between each pair of said amplifiers acting 
to combine substantially in-phase components of said radio frequency outputs 
from said amplifiers so as to produce an output having a phase; and 
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b) at least one second order connection responsive to and acting to combine 
substantially in-phase components of said output from at least two of said first 
order connections. 

36. A high power, radio frequency power amplifier comprising: 

a) a source of power having a dc potential; and 

b) a plurality of power amplifiers each having a pair of power leads, wherein said 
pairs of dc pow^ leads are connected in a series string, across which is impressed 
said potential and which output a radio fi^uency signal. 

37. A high power, radio firequency power generator as described in claim 36 wherein said 
amplifiers have a low frequency impedance causing said potential to be divided among 
said amplifiers. 

38. A high power, radio frequency power generator as described in claim 36 or 37 wherein 
said potential is divided approximately equally among said amplifiers. 

39. . A high power, radio frequency power generator as described in claim 36 and fiirther 

comprising a bias voltage supply which controls a division of said dc potential among 
said power amplifiers. 

40. A high power, radio firequency power generator as described in claim 39 wherein said 
potential is divided approximately equally among said amplifiers. 

41. A high power, radio frequency power generator as described in claims 36 or 37 wherein 
at least one of said amplifiers comprises a switchmode-type ampUfier. 

42. A high power, radio frequency power amplifier as described in claim 36 or 39 wherein 
each of said amplifiers fiirther comprise at least one output lead having an output signal 
and wherein said output leads are connected to combine said output signals from said 
amplifiers. 
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43. A high power, radio frequency power amplifier as described in claim 36 or 39 wherein 
each of said amplifiers has an output comprising a current and further comprising an 
electrical network arranged to add said currents from each of said amplifiers. 

44. A high power, radio frequency power amplifier as described in claim 43 wherein each of 
said amplifiers has an output and further comprising at least one series electrical element 
comiected between each of said outputs of said amplifiers and a common electrical point. 

45. A high power; radio frequency pow^ amplifier as described in claim 44 wherein said 
series electrical element comprises an inductor, capacitor, or resistor. 

46. A method of plasma, processing comprising the steps of: 

a) supplying a dc input having a potential; 

b) dividing said potential among a plurality of amplifiers each having a radio 
frequency output; : ^ 

c) supplying a . radio frequency drive signal to each of said amplifiers; 

d) combining said radio frequency outputs of said amplifiers to create at least one 
. high power; radio frequency output; 

e) creating a plasma through action of said high power, radio frequency output; and 

f) processing using said plasma. 

47. A method of plasma processing as described in claim 1 wherein said step of dividing said 
potential comprises: the steps of connecting said plurality of amplifiers in a series string 
and impressing said potenjtial across said series string. 

48. = ! A method of plasma processing as described in claim 47 and further comprising the step 
r.of establishing a;low frequency, impedance for at least one of said plurality of amplifiers 

causing said potential to be divided at least in part as a result of said low frequency 
impedance. • . . . . 

49. A method of plasma processing as described in claim 47 or 48 wherein said potential is 
divided approximately equally among said amplifiers. 



31 



wo 98/37627 PCTAJS98/a3S64 

50. A method of plasma processing as described in claim 47 wherein said step of dividing 
said potential further comprises the step of creating at least one bias voltage and 
providing said bias voltage to at least one of said amplifiers, 

51. A method of plasma processmg as described in claim 50 wherein said potential is divided 
approximately equally among said amplifiers. 

52. A method of plasma processing as described in claim 46 or 47 wherein at least one of 
said amplifiers comprises a switchmode-type amplifier. 

53. A method of plasma processing as described in claim 46 or 50 wherein said amphfier 
outputs comprise currents and wherein said step of combining comprises the step of 
adding said currents fi-om at least two of said amplifiers. 

54. A method of plasma processing as described in claim 53 wherein said step of adding 
comprises the step of totaling said radio fiiequency currents at a common electrical point 

55. A method of plasma processing as described in claim 46 or 50 whmin said step of 
combining comprises the step of tiered combining. 

56. A method of plasma processing as described in claim 55 wherein said step of tiered 
combining comprises the steps of: 

a) partitioning said amplifiers into pairs wherein said radio fiiequency ou^ut of each 
of said amplifiers has a substantially in-phase component; 

b) combining said substantially in-phase components of said radio fi-equency outputs 
fi-om each of said amplifiers of said pairs to form a first set of summed outputs 
each having substantially in-phase output components; 

c) partitioning said first set of summed outputs into at least one pair; 

d) combining said substantially in-phase output components of said first set of 
summed outputs to form at least one second summed output . 

57. A method of plaana processing as described in claim 56 and fiuther comprising the steps 
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of repeating said steps 56 c) and 56 d) wherein said second summed output is considered 
as as a first set of summed outputs, and wherein said steps 56 c) and 56 d) are repeated 
to achieve said high power, radio frequency output. 

58. A method of plasma processing as described in claim 56 wherein said step of repeating 
continues until a last pair of said further common electrical points are coimected into a 
final conmion electrical point. 



59. A method^of plasma processing ks described in claim 56 wherein said step of combining 
comprises passing said radio frequency outputs through at least one pair of mutually 
coupled inductors. . u ' ^ 

60. A plasriia processing system comprising: i 

a) a source of power having a dc potential; 

b) • at least ohfe driver supplying a radio ^frequency drive signal; 

c) a plurality of powbr amplifiers responsive to said radio frequency drive signal, 
said plurality of amplifiers connected whereby across each of said amplifiers is 
impressed less than said potential; - ' . i : 

d) combining circuitry responsi ve to at least two of said amplifiers having at least 
one output; 

e) at least onediBctromagnetic coupling element; connected to said output; and 

f) at least one plasma element connected to said eleictromagnetic coupling element. 

61. A plasma processing system as described in claim 60; wherein said plurality of power 
amplifiers are connected in a series: string and said dc potential is impressed across said 
series string.' -* ' • . 

62. A plasma processing system as described in claim 61 wherein said amplifiers have a low 
frequiency impedance causing-said* potential to be divided among said amplifiers. 

63. A plasma processing system as described in claim 61 or 62 wherein said potential is 
divided approximately equally among said amplifiers. 
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64. A plasma processing system as described in claim 61 and further comprising a bias 
voltage supply which controls a division of said dc potential among said power 
amplifiers. 

65. A plasma processing system as described in claim 64 wherein said potential is divided 
approximately equally among said amplifiers. 

66. A plasma processing system as described in claims 60 or 6 1 wherein at least one of said 
amplifiers comprises a switchmode-type amplifier. 

67. A plasma processing system as described in claim 60 or 64 wherein each of said 
amplifiers has an output comprising a current and wherein said combining circuitry 
comprises an electrical network arranged to add said currents firom at least two of said 
amplifiers. 

68. A plasma processing system as described in claim 67 whereui each of said amplifiers has 
an output and wherein said combining circuitiy comprises at least one series electrical 
element connected between each of said outputs of said amplifiers and a common 
electrical point 

69. A plasma processing system as described in claim 68 wherein said series electrical 
element comprises an inductor, c^acitor, or resistor. 

70. A plasma processing system as described in claim 60 wh^in said combining circuitiy 
comprises at least one tiered combiner. 

71. A plasma processing system as described in claim 70 wherein said plurality of amplifiers 
comprise at least four amplifiers each haying radio fi-equency outputs, said outputs 
having a phase, wherein said amplifies are paired, and wherein said tiered combiner 
comprises: 

a) a plurality of first order connections between each pair of said amplifiers acting 
to combine substantially in-phase components of said radio firequency outputs 
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from said amplifiers so as to produce an output having a phase; and 
b) at least one second order connection responsive to and acting to combine 
substantially in-phase components of said output from at least two of said first 
order connections. 

5 

72. A method of supplying a drive signal to a radio frequency amplifier comprising the steps 
of: 

creating radio frequency sigiial; 

(1) superimposing a variable dc level upon said signal to form a 
1 0 combined signal; and 

(2) supplying said combined signal to said radio frequency amplifier. 

73. The method of claim 72 wherein said r^did frequency signal has a constant amplitude. 

1 5 74. The method of claim 72 or 73 wherein said radio frequency amplifier has a threshold voltage 
and wherein said radio frequency signal is large compared to said threshold voltage of said 
radio friequency amplifien* : . i' : . ^/ -.i . 

. ■ ' . •tl^^7c• ■■' -V; •* 'H . . • 

75. A method of controlling the output of a radio frequency amplifier comprising the steps of: 
20 a. creating a radio frequency signal; 

b. superimposing 'a- variable, dc level> upon .. said radip frequency signal to form a 
combined' signal; 't ^ . » 

c. supplying said combined signal to said amplifier; and 
' -b. varying saiddc level. . - ..r t j -: 



25 



76. The method of claim 74 wherein said radio frequency signal has a constant amplitude. 



77. The method of claiin 75 or 76 wherein said radioifrequeney^amplifier has a threshold voltage 
and wherein said radio frequency, signal is large compared to said threshold voltage of said 

30 radio frequency amplifier. 

78. A method of providing variable radio frequency power comprising the steps of: 
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a. creating a radio frequency drive signal; 

b. superimposing a variable dc level upon said radio frequency signal to form a 
combined signal; 

c. providing a radio frequency amplifier having a input threshold level below which said 

amplifier produces no output; 

d. supplying said combined signal to said amplifier; and 

e. varying said dc level such that said combined signal persists above said threshold level 

for a variable fraction of the period of said radio frequency signal. 

79. The method of claim 78 wherein said radio frequency signal has a constant amplitude. 

80. The method of claim 78 or 79 wherein said radio frequency signal is large compared to said 
input threshold level of said radio frequency amplifier. 

81. An apparatus to supply a drive signal to a radio frequency amplifier comprising: 

a. a radio frequency drive signal source; 

b. a variable dc level circuit; 

c. combining circuitry responsive to said radio frequency drive signal source and said 
variable dc level cfrcuit and which forms a combined signal; 

d. a radio frequency amplifier; and 

e. circuitry to couple said combined signal to said radio frequency amplifier. 

82. The apparatus of claim 81 wherein said radio frequency drive signal has a constant 
amplitude. 

83. The apparatus of claim 81 or 82 wherein said radio frequency amplifier has a threshold 
voltage and wherein said radio frequency signal is large compared to said threshold voltage 
of said radio frequency amplifier. 

84. A radio frequency amplifier with a controlled output, comprising: 

a. a radio frequency drive signal source; 

b. a variable dc level circuit; 
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c. combining circuitry responsive to said radio frequency dpve signal source and said 
variable dc level circuit and which forms a combined signal; 

d. a radio frequency amplifier; 

e. circuitry to couple said combined signal to said radio frequency amplifier; and 

5 f. variable dc level circuitry which controls the output of said radio frequency amplifier. 

85. The amplifier of claim 84 wherein said radio frequency drive signal source produces a radio 
frequency drive signal which has a constant level. 

10 86. The amplifier of claim 84 or 85 whereiri said radio frequency amplifier has a threshold 
voltage and wherein said radio frequency signal is large compared to said threshold voltage 
ofsaidradio frequency amplifier. ^ 

87. A variable output radio frequency power generator comprising: 

15 ' a. a driver circuit having an output producinig a radio frequency drive signal; 

b. a variable dc level circuit producinjg a variable dc level; 

c. combining circuitry responsive to said radio frequency drive signal and said variable 

dc level signal and which form a combined signal; 

d. a radio Jarequency amplifier having a input threshold level below which said amplifier 
20 produces no output; 

* e, a coupling circuit which couples said combined signal to said amplifier; and 
f a control circuit capable of varying said dc level such that said combined signal 
persists above said threshold level for a variable fiaction of the period of said radio 
frequency signal. 

25 

88. The generator of claim 87 wherein said radio frequency drive signal has a constant 
amplitude. ' * - ' r . 

89. The generator of claim 87 or 88 wherein said radio frequency signal is large compared to said 
30 input threshold level of said radio fi^quency amplifier. 

90. A method of preventing instabilities in radio frequency amplifiers comprising the steps of: 
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a. supplying an input signal at a fundamental frequency to a radio frequency 
amplifier; 

b. supplying a power supply voltage to said radio frequency amplifier through a 
power supply feed line; 

c. providing resonant isolation of said power supply feed line at said fundamental 
frequency; 

d. placing an element in sOTes with said power supply feed line providing high 
impedance at high frequencies; and 

e. affirmatively absoibing energy from said element at other than said fiindamental 
frequency. 

91. A method of preventing instabilities in radio fiequency amplifiers as described in claim 90 
wherein said step of providing resonant isolation further comprises the step of placing a 
parallel resonant circuit in series with said power supply feed line. 

92. A method of preventing instabilities in radio frequency amplifiers as described in claim 90 
or 91 wherein said step of affirmatively absorbing energy fiirther comprises the step of 
placing a resistive element so that at least some current carrying said energy passes through 
said resistive element. 

93. A method of preventing instabilities in radio frequmcy amplifiers as described m claim 90 
or 91 wherem said step of afifinnatively absorbing energy further comprises the step of 
providing a lossy element as said element providing high impedance at high frequencies. 

94. A method of preventmg instabilities in radio frequency amplifiers as described in claim 93 
wherein said step of providing a lossy element further comprises the step of providing an 
inductor with a lossy core as said element providing high impedance at high frequencies. 

95. A method of preventing instabilities in radio frequency amplifiers comprising the steps of: 

a. supplying an input signal at a fundamental frequency; 

b. supplying a power supply voltage to said amphfier's power supply feed 
line; 
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c. providing resonant isolation of said power supply feed line at said 
fundamental frequency; 

d. placing a series element in series with said power supply feed line providing 
high impedance at high firequencies; 

5 e. providing ^ shunt element to said power supply feed line providing low 

impedance at high frequencies; and 

f. affirmatively absorbing energy from at least one of said series and shunt 
elements at other than said fundamental frequency. 

10 96. A method of preventing instabilities in radio frequency amplifiers as described in claim 95 
wherein said step of providing resonant isolation further comprises the step of placing a 
parallel resonant circuit in series with siiid power supply feed line. 

97. A method of preventing instabilities in radio frequency- amplifiers as described in claim 95 
15 or 96 wherein said step of affirmatively absorbing energy further comprises the step of 

placing a resistive element such that at leiast somfe cunSnt carrying said energy passes through 
said resistive element: " ' • > i 



98. A method of preventing instabilities in radio frequency anfplifiers as described in claim 95 
20 or 96 wherein said step of affirmatively absorbing energy further comprises tlie step of 

providing an inductor with a lossy core as said element providing high impedance at high 
firequencies. .. ■ • *- 



99. A method of preventing instabilities in radio frequency amplifiers comprising the steps of: 
25 ' a. supplying an input signal at a fundamental frequency to a radio frequency ariiplifier; 

b. -supplying power to said amplifier through a power supply feed Hne; 
• • c isolating said pioWer supply feed line with a circiiit resonant at said fundamental 

frequency; 

d. providing a series element to said power supply feed line having a high impedance at 
30 high frequencies; and 

e. affirmatively absorbing energy from said series element at other than said fundamental 

frequency. 
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100. A method of preventing instabilities in radio frequency amplifiers as described in claim 99 
wherein said series element comprises an inductor. 

101. A method of preventing instabilities in radio frequency amplifier as described in claim 99 
or 100 wherein said step of affirmatively absorbing energy further comprises the step of 
placing a resistive element so that at least some current carrying said energy passes through 
said resistive element 

102. A method of preventing instabilities in radio frequmcy amplifiers as desoibed in claim 100 
wherein said step of affirmatively absorbing energy fiirther comprises the step of providing 
said inductor with a lossy core. 

103. A method of preventing instabilities in radio fiiequency amplifiers comprising the steps of: 

a. supplying an input signal at a fundamental firequency; 

b. supplying power to said amplifier through a power supply feed line; 

c. isolating said power supply feed line with a circuit resonant at said 
fundamental frequency; 

d. providing a series element to said power supply feed line having a high 
impedance at high frequencies; 

e. providing a shunt element to said power supply feed Ime having a low impedance 
at high frequencies, and 

t affirmatively absorbing energy from at least one of said series and shunt 
elements at other than said fundamental frequency. 

104. A method of preventing instabilities in radio frequency amplifiers as described in claim 103 
wherein said series elemrat comprises an inductor. 

105. A method of prevmting instabilities in radio frequency amplifiers as described in claim 103 
wherein said shunt element comprises a capacitor. 

1 06. A method of preventing instabilities in radio frequency amphfiers as described in claim 103, 
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104 or 105 wherein said step of affirmatively absorbing energy comprises placing a resistive 
element so that at least some current carrying said energy passes through said resistive 
element. 

5 107. A method of preventing instabilities in radio frequency amplifiers as described in claim 103 
wherein said step of affirmatively absorbing energy further comprises the step of providing 
an inductor with a lossy core as said element providing high impedance at high frequencies. 

108. A method of preventing instabilities in a plurality of radio frequency amplifiers comprising 
1 0 the step of affirmatively absorbing energy from the output of any of said amplifiers whose 

output signal is different from the average of the outputs of said plurality of amplifiers. 

109. A method of preventing instabilities in a plurality of radio frequency amplifiers as 
described in claim 108 wherein said step of affirmatively absorbing energy comprises the 

1 5 step of placing resistive elements between the said Outputs and a common node. 

110. A method of preventing instabilities in a pluraUty of radio frequency amplifiers as 
described in claim 1 09 wherein said step of placing resistive elements between the outputs 
and a common node fiirther comprises the step of placing a dc blocking capacitor in senes 

20 with at least one of said resistive elements. 

1 1 1 . A method of preventing instabilities in a plurality.of radio frequency amplifiers, wherem 
the number of said amplifiers is even, comprising the step of affirmatively absorbing energy 
from the outputs of pairs of said amplifiers when the output signals of any pair of amplifiers 

25 are substantially different from one another. 

1 12. The method of preventing instabilities in a plurality of radio frequency amplifiers as 
described in claim 1 1 1 wherein the niunber of said amplifiers is even and said step of 
affirmatively absorbing energy comprises the step of placing resistive elements between the 

30 outputs of pairs of said amplifiers. 

113. A method of preventing instabilities in a plurality of radio frequency amplifiers as 
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described in claim 1 12 wherein said step of placing resistive elements between the outputs 
of pairs of said amplifiers further comprises the step of placing a dc blocking capacitor in 
series with at least one of said resistive elements. 

5 1 1 4. A stabilized radio irequency amplifier comprising: 

a. a driver supplying an input signal at a fundamental frequency to a radio fi-equency 
amplifien 

b. a power supply supplying a voltage to a power supply feed line of said radio 
frequency amplifier; 

10 c. a resonant isolation circuit providing isolation of said power supply feed line at said 

fimdamental fi-equency; 

d. a series element in series with said power supply feed line providing high impedance 
at high fi-equencies; and 

e. at least one loss component which afiFimiatively absorbs energy fi-om said element at 
1 5 other than said fundamental fi-equency. 

115. The stabilized radio fi-equency amplifier as described in claim 1 14 wherein said resonant 
circuit comprises a parallel resonant circuit tuned to said fundamental fi^uency. 

20 116. The stabilized radio fi:equency anq>lifier as described in claim 1 14 or 1 15 wherein said loss 
component comprises a resistive element placed so that at least some current carrying said 
energy passes through said resistive elraient. 

117. The stabilized radio firequency amplifi^ as described in claim 1 14 or 1 15 wherein said 
25 elanent providing high unpedance at high fi:equencies comprises a lossy element. 

118. The stabilized radio fi-equency amplifier as described in claim 117 wherein said lossy 
element comprises an inductor with a lossy core. 

30 119. A stabilized radio frequency amplifier comprising: 

a. a driver supplying an input signal at a fundamental firequency; 

b. a power supply supplying a voltage to said amplifier's power supply feed line; 
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c. a resonant circuit providing isolation of said power supply feed line at said ftindamentai 

frequency; 

d. a series element in series with said power supply feed line providing high impedance at 

high frequencies; 

5 e. a shunt element placed in shunt to said power supply feed line providing low impedance 

at high frequencies; and 
f. at least one loss component for affirmatively absorbing energy from at least one of said 
series and shunt elements at other than said fundamental frequency. 

10 120. The stabilized radio frequency amplifier as-described in claim 1 19 wherein said resonant 
circuit comprises a parallel resonant circuit tuned to said fundamental frequency. 

121. The stabilized radio frequency amplifier as describedin claim 119 or 120 wherein said loss 
element comprises a resistive element placed such that at least some current carrying said 

15 energy passes through said resistive element. ' hi 

122. The stabilized radio frequency amplifier as described in claim 120 or 121 wherein said 
. element providing high.impedance at high frequencies comprises a lossy element. 

123. The stabilized Tadib .frequency amplifier a$;jdescribed in claim d 22 wherein said lossy 
element comprises an inductor with a lossy core. . ^ ^ > ^ ' 

124. A stabilized radio frequency amplifier comprising: 
- al a driver supplying an input signal at a fundamental freqiieincy;' / . 
' b. a power supply supplying a voltage to said amplifier's powersupply feed line; 

c. a resonant isolation circuit providing isolation of said power supply feed line at said 
.) fundamental frequency; ^ .v ' . < L. v ji I.-i' 

d. a series element in series with Said power supply feed line having a high impedance 
at high frequencies; and 

e. at least one loss component which affirmativelyiabsorbs energy from said element at 
other than said fundamental frequency. 
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125. The stabilized radio frequency amplifier as described in claim 124 wherein said series 
element comprises an inductor. 

126. The stabilized radio frequency amplifier as described in claim 124 or 125 \^*erein said loss 
element comprises a resistive element placed such that at least some cuirent carrying said 
energy passes through said resistive element. 

127. The stabilized radio frequency amplifier as described in claim 125 wherein said loss 
component comprises an inductor with a lossy core. 

128. A stabilized radio frequency amplifier comprising: 

a. a driver supplying an input signal at a fundamental frequency; 

b. a power supply supplying power to said amplifier through a power supply 
feed line; 

c. a resonant circuit providing isolation of said power siq>ply feed line at said 
fundamental frequency; 

d. a series element to said power supply feed line having a high impedance at 
high frequencies; 

e. a shunt element to said power supply feed line having a low impedance at 
high fi^uencies, and 

f at least one loss component for affirmatively absoifoing energy firom at least 
one of said series and shunt elements at other than said fimdamental 
frequency. 

129. The stabilized radio frequency amplifier as described in claim 128 wherein said series 
element comprises an inductor. 

130. The stabilized radio frequency amplifier as described in claim 128 wherein said shunt 
element comprises a capacitor. 

131 . The stabilized radio fiiequency amplifier as described in claim 128, 129 or 130 wherein said 
loss element comprises a resistive element placed so that at least some current canying said 
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energy passes through said resistive element. 

132. The stabilized radio frequency amplifier as described in claim 128 wherein said loss 
component comprises a lossy inductor. 

133. The stabilized radio frequency amplifier as described in claim 132 wherein said lossy 
inductor comprises an inductor with a lossy core. 



134. A stabilized radio frequency source comprising: 

10 a. a plurality of radio fi^quency amplifiers each having a radio frequency output; 

b. combining circuitry responsive. to said amplifiers which forms a signal which has a 
power greater than aiiy one of said radio frequency outputs of said amplifiers; and 

c. a loss element affirmatively absorbing , energy from the output of any of said 
amplifiers whose output signal is different from the average of the outputs of said 

15 • : plurality of amplifiers. 

135. The stabilized radio frequency source as described in claim 134 wherein said loss element 
comprises resistive elements placed between said outputs and a common node. 

20 1 36. The stabiHzed radio firequency source as described in claim 134 wherein the number of said 
amplifiers is even and said loss element comprises resistive elements connected between the 
' .outputs of pairs of said amplifiers. 

137. The stabilized radio frequency source as described in claim 135 or 136 wherein a dc 
25 blocking capacitor is placed in series ^Aath at least one of said resistive: elements. 

138, A method of producing high power radio frequency signals comprising the steps of: 
•ai ^ supplying a drive signal at a fiindamental frequency;: 

b. providing said drive signal to a plurality of non-resonant, amplifiers each having 
30 an amplifier output; 

c. combining the amplifier outputs of said plurality of amplifiers to produce a high 
power radio frequency signal; and 
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d. passing said high power radio frequency signal through a filter circuit tuned to 
said resonant frequency, 

139. A method of producing high power radio frequency signals as described in claim 138 
wherein said ampIifiCT outputs have a cun^oit and wherein said step of combinmg comprises 
the step of adding said cuirents from said amplifier outputs. 

140. A method of plasma processing as described m claim 139 wherein said step of adding 
comprises the step of totaling said high frequency currents at a common electrical point. 

141. A method of plasma processing as described in claim 138 wherein said step of combining 
comprises the step of tiered combining. 

142. A high power, high frequency power generator comprising: 

a. a high power final output terminal; 

b. at least one driver supplying at least one high fi^uency drive signal at a 

fimdamental frequency; 

c. a plurality of non-resonant amplifiers responsive to said high frequency drive 

signal each having a high frequenqr output; 

d. combining circuitry responsive to at least two of said amplifiers whereby at least 

one signal is formed which has a power greater than any one of said high 
frequency outputs of said amplifiers to which said combining circuitry is 
responsive; and 

e. at least one filter circuit tuned to said fimdamental fi^uency, connected between the 

combining circuitry and said high power output terminal. 

143. A high power, higji frequency power generator as described in claim 142 wherein each of 
said amplifiers has an output haviiig a current and wherein said combining circuitry 
comprises an electrical networic arranged to add said currents from said amplifier outputs. 

144. A high power, high frequency power generator as described in claim 142 wherein each of 
said amplifiers has an output and wherein said combiner comprises at least one series 
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electrical element connected between each of said outputs of said amplifiers and a common 
electrical point. 

145. A high power, high frequency power generator as described in claim 142 wherein said 
combining circuitry comprises at least one tiered combiner. 

146. A method of providing a high power radio frequency generator having an increased 
reflected power capability, comprising the steps of : 

a) providing a generator having output semiconductor devices to deliver a rated 
output power into a nominal design load at a particular die temperature for said 
devices; and '- j : , > . 

b) operating said devices , at po>yei| levels which penriit continual cooling 
substantially beyond that required to maintain said die temperature at said rated 
output po>yer into said (Resign, load, , : i . ' 

' : ill' 5'"' 

147. The method of providing a high power radio frequency generator having an increased 
reflected power capability as described in claim 14!5 wherein said step of operating 
said devicesiatpoy/erlevelSjWluch perm 

to maintain said .die temperature at said rated output power into said design load 
conyrises the, step of . increasing the. ou^m. device silicpn die area beyond that 
. . suggested to facilitate operation of said dpvices at said rate output power. 

1 48 . The method of providing a high power radio frequency generator having an increased 
, . reflected p(xwer capability as described in claim 146 jwherein said step of operating 

said devices at p9wer levels which pennit .cooling substantially beyond that required 
to maintain said die temperature at said rated output power into said design load 
comprises the step of increasing the number of output devices^ withoi^t increasing the 
. total device die area of said output devices. . , , - . ^ . 

1 49. The method of providing a high power radio frequency generator having an increased 
reflected power capability as described in claim 146 wheriein said step of operating 

. said devices at power levels which permit cooling substantially beyond 
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that required to maintain said die temperature at said rated output power into said 
design load comprises the step of increasing the total area of said output devices. 

1 50. A method of providing a high power radio frequency generator having an increased 
reflected power capability, comprising the steps of : 

a) providing a generator having output semiconductor devices to deliver a rated 
output power into a nominal design load at a particular die temperature for said 
devices; and 

b) providing an increased output capacitance from said devices. 

151. The method of providing a high power radio frequency generator having an increased 
reflected power capabihty as described in claim 150 wherein said step of providing an 
increased output capacitance comprises the step of increasing the number of output 
devices without increasing the total device die area of said output devices. 

1 52. The method of providing a high power radio frequency generator having an increased 
reflected power capability as described in claim 150 wherein said step of providing 
an increased output capacitance comprises the step of adding additional discrete 
capacitance in parallel with the output of said devices.. 



153. A high power radio frequency generator having an increased reflected power 
capability, comprising: 

a) a generator having output semiconductor devices to deliver a rated output 

power into a nominal design load at a particular die temporature for said devices; 
25 b) an increased cooling capability for said devices which permits continual 

cooling substantially beyond that required to maintain said die temperature at said 
rated output power into said design load. 

1 54. The high power radio frequency generator having an increased reflected power capability 
30 as described in claim 153 wherein said increased device cooling capability comprises an 

increased output device silicon die area beyond that suggested to facihtate operation of 
said devices at said rate output power. 



48 



SNSDOCICfc <W0 9e37627A1_l_> 



wo 98/37627 



PCTAJS98/03564 



155. The high power radio frequency generator having an increased reflected power 
capability as described in claim 153 wherein said increased device cooling capability 
comprises an increased the number of output devices without increasing the total 
device die area of said output devices. 

156. The high power radio frequency generator having an increased reflected power 
capability as described in claim 153 wherein increased device cooling capability 
comprises an increased total area of said ou^ut devices. 

157: A high power radio frequency generator having an increased reflected power 
capability, corhprising: ' ' • • ' ' 

a) . a generator having output semiconductor devices' to deliver a rated output 

power into a noniinal design load at a particular die temperature for said devices; and 

b) an increased output capacitance added across the output of said devices 
beyond that otlierwise required to be designed into said generator. 

158. A high power radio frequency generator having an increased reflected power 
capability as described in claim 157 whd-ein said output capacitance has been added 
by increasing the number of output devices without increasing the total device die 
area of said output devices;. 

159. 'A high power radio frequency generator having an increased reflected power 

capability as described in' claim 157 wherein said capacitance has been added by 
^ adding additional discrete capacitance in parallel with the ou4>ut of said devices. 

• . •• »' . • ■ ; • . ' . • ■ • ' :: ' . 

1 60. A method of providing ia high power radio frequency generator having an increased 
reflected power capability, comprising the steps of : 

a) providing a generator having output semiconductor devices to deliver a rated output 
power into a nominal design load; and 

b) blocking reflected power from being transmitted back to said devices. 
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SI. A high power radio frequency generator having an increased reflected power 
capability, comprising: 

a) a generator having output semiconductor devices to deliver a rated output power into 
a nominal design load at a particular die temperature for said devices; and 

b) a blocking element which blocks any reflected power from being transmitted back to 
said devices. 

2. A method of providing a high power radio frequency generator having an increased 
reflected power capability, comprising the steps of : 

a) providing a generator having output semiconductor devices to deliver a rated output 
power into a nominal design load; and 

b) limiting the continuous operation of said devices to power levels which are 80 
percmt of said rated output power of said devices. 

J. A high power radio frequency generator having an increased reflected power 
capability comprising: 

a) a generator having ouQ)ut semiconductor devices to deliver a rated output power into 
a nominal design load at a particular die temperature for said devices; and 

b) a power limiter which limits the continuous opwation of said devices to power levels 
which are 80 percent of said rated ou^ut power of said devices. 

A method of radio frequency plasma processing with increased reflected power 
capability comprising the steps of: 

supplying a dc input having a potential to at least one radio frequency amplifier, 
supplying a radio frequency drive signal to said ampUfier; 
operating said amplifier as described in claim 146, 150, 160, or 162; 
creating a high power, radio frequency output which is responsive to said ampUfier; 
creating a plasma through action of said high power, radio frequency ou^ut; and 
processing using said plasma. 

A radio frequency plasma system having an increased reflected power capability 
comprising: 
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comprising: 

a) a source of power having a dc potential; 

b) at least one driver supplying a radio frequency drive signal; 

c) at least one power amplifiers responsive to said radio frequency drive signal, said 
amplifier as described in claim 153, 157, 161, or 163; and 

d) at least one plasma element responsive to said amplifier. 
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